Primer-clipped sequences from this study have been submitted to the European Nucleotide Archive (ENA) with the project accession number PRJEB33004. Environmental data, OTU table, and its taxonomic affiliation are available in <https://doi.pangaea.de/10.1594/PANGAEA.912763>.

Introduction {#sec001}
============

Submarine groundwater discharge (SGD) is defined as groundwater flow across the land-ocean interface to the coastal water. SGD is known to transport chemical and biological constituents, such as nutrients \[[@pone.0235235.ref001]--[@pone.0235235.ref003]\], trace metals \[[@pone.0235235.ref004], [@pone.0235235.ref005]\], and bacteria \[[@pone.0235235.ref006], [@pone.0235235.ref007]\]. In an environment with high primary productivity, SGD is reported to cause eutrophication and harmful algal blooms (HAB) \[[@pone.0235235.ref008]--[@pone.0235235.ref010]\]. In some cases, SGD influences the composition and abundance of marine biota in the receiving coastal water, e.g. fish \[[@pone.0235235.ref011], [@pone.0235235.ref012]\], bacteria \[[@pone.0235235.ref013], [@pone.0235235.ref014]\], macrophytes \[[@pone.0235235.ref015], [@pone.0235235.ref016]\], or phytoplankton \[[@pone.0235235.ref017], [@pone.0235235.ref018]\].

Subterranean estuaries (STEs), where SGD flows through before discharging to the coastal water, are active mixing zones and biogeochemical cycling hot spots \[[@pone.0235235.ref019]\]. They are subjected to both seasonal water table fluctuation and increased nutrient input from the groundwater coming from the land side, as well as changes in oxygen saturation, quick redox switches and organic matter inputs from tidal fluctuation and sea level fluctuation from the marine side \[[@pone.0235235.ref020]--[@pone.0235235.ref022]\]. It has been found that STE could play a role as either a source \[[@pone.0235235.ref023]\] or sink of nutrient species \[[@pone.0235235.ref024], [@pone.0235235.ref025]\]. The attenuation or changes of speciation of nutrients is attributed to chemically and biologically mediated reactions. For examples, microbial communities are found to play a significant role in mediating nitrogen cycling in the STEs, such as nitrification and denitrification, and subsequently alter the chemical composition of SGD discharging to the overlying water \[[@pone.0235235.ref026]--[@pone.0235235.ref028]\]. Alternative microbially mediated pathways for nitrate reduction, such as dissimilatory nitrate reduction to ammonium (DNRA) and anaerobic ammonium oxidation (Annamox), were also observed in STEs \[[@pone.0235235.ref029], [@pone.0235235.ref030]\]. Archaea, while usually comprising a minor fraction of microbial communities in aquatic environments, have been shown to play an essential role in the carbon and nitrogen cycle, particularly related to nitrification as well as methane production and oxidation \[[@pone.0235235.ref031], [@pone.0235235.ref032]\]. The composition of microbial communities inhabiting the STE is governed by physicochemical factors, such as, but not limited to salinity \[[@pone.0235235.ref033]\], redox condition \[[@pone.0235235.ref034]\], temperature \[[@pone.0235235.ref035]\], or tidal fluctuation \[[@pone.0235235.ref036]\]. However, in comparison with surface estuaries, the understanding of the subsurface microbial community and their response to biotic and abiotic reactions is still limited.

Mobile Bay, a typical estuary in the northern Gulf of Mexico, is also the largest estuary east of the Mississippi Delta. Due to extreme hypoxia in the water column during dry seasons, large-scale fish and crustacean kills, locally known as *Jubilees* often occur in this part of northeast of the Gulf of Mexico \[[@pone.0235235.ref037]--[@pone.0235235.ref039]\]. More recent studies indicate that both the *Jubilees* and HABs occur at specific locations of Mobile Bay and are associated with areas without direct surface water inputs \[[@pone.0235235.ref040], [@pone.0235235.ref041]\]. Ultimately, SGD was investigated as one of the main contributors to the hypoxia occurring in the bay. Indeed, Montiel, Lamore \[[@pone.0235235.ref024]\] indicated that anoxic SGD delivered nearly a quarter of the total nutrient inputs to Mobile Bay during the dry season in the form of NH~4~^+^ and DON. More importantly, the significant SGD-derived N fluxes that occur exclusively to the east shore of Mobile Bay, whose coastal lithology is dominated by an underlying peat layer. Montiel, Lamore \[[@pone.0235235.ref024]\] suggested that the identified organic-rich sedimentary layer alters the composition of NO~3~^---^dominated groundwater observed further inland into NH~4~^+^ and DON-prevalent SGD discharging to Mobile Bay.

Microbial investigations have been conducted in Mobile Bay before; however these studies were mostly related to surface water characterization \[[@pone.0235235.ref042]--[@pone.0235235.ref044]\], while studies on groundwater are still limited \[[@pone.0235235.ref030]\]. Given that Mobile Bay is one of the most developed estuaries in the northern Gulf of Mexico, and of the ecological importance of microbial communities for mediating coastal biogeochemical processes in areas with nutrient-rich groundwater, it is fundamental to better understand their distribution, diversity, and function. In this paper, we examined microbial community composition and distribution along the coastal hydrological continuum of Mobile Bay affected by SGD using 16S rRNA gene sequencing. Microbial samples were collected (a) horizontally along the coastal hydrological continuum, from groundwater to the STE, river, and water column of the bay, and (b) along with vertical profiles at two SGD sites with contrasting hydrogeological properties and SGD regimes. In addition, functional profiles related to nitrogen cycling were predicted using Tax4Fun2 \[[@pone.0235235.ref045]\].

Materials and methods {#sec002}
=====================

Site description and sample collection {#sec003}
--------------------------------------

Mobile Bay has an area of 1.3 x 109 m^2^, an average depth of 3.5 m, and a total volume of 4.6 x 10^9^ m^3^. During the dry season, when we conducted our sampling expedition, the average mean temperature and precipitation rate were 27°C and 1670 mm, respectively. Although there was no reported hypoxia during this specific sampling campaign, sample collection was conducted during a period when anoxic events occur more frequently. Recent hydrogeological studies in Mobile Bay have revealed two major points of groundwater discharge at the southeast shore (which will be further abbreviated as TS-SE) and the northeast shore (which will be further abbreviated as TS-NE) of Mobile Bay \[[@pone.0235235.ref024], [@pone.0235235.ref041]\] ([Fig 1](#pone.0235235.g001){ref-type="fig"}). Montiel, Lamore \[[@pone.0235235.ref024]\] reported that at the TS-SE site, SGD is on average 0.15--0.25 m d^-1^ annually, whereas the SGD-delivered NH~4~^+^, NO~3~^-^, DON, and PO~4~^3-^ for the four-year duration of their study were 11--35 mmol m^-2^ d^-1^, 1.2--5 mmol m^-2^ d^-1^, 9--32.5 mmol m^-2^ d^-1^, and 0--0.2 mmol m^-2^ d^-1^, respectively. Sediment cores recovered from the SGD hot spot consisted of a coarse beach sand layer of 0.5 m thickness and 3% organic matter content, underlain by a 1.5-m organic-rich black fine sand with an organic matter content of up to 36% (peat layer), which was in contact with the Miocene--Pliocene Aquifer with low organic matter content ([Fig 1](#pone.0235235.g001){ref-type="fig"}). For comparison, at TS-NE, SGD fluxes were 0.17--0.25 m d^-1^, and NH~4~^+^, NO~3~^-^, DON, and PO~4~^3-^ fluxes were 1--2 mmol m^-2^ d^-1^, 2.2--7.5 mmol m^-2^ d^-1^, 2.7--8 mmol m^-2^ d^-1^, and 0--0.1 mmol m^-2^ d^-1^, respectively. At this second site, the piezometer was placed through the local STE where shallow groundwater percolates through layers consisting exclusively of coarse sand without an indication of vertical structuring.

![Study site (A) and sampling points (B) in Mobile Bay, USA, and vertical lithological section of sediment cores from TS-NE and TS-SE (C). The geological map is modified from a previous version prepared at the Geological Survey of Alabama \[[@pone.0235235.ref046]\], while groundwater flow and lithology profile are adapted from Montiel, Lamore (24). TS-NE-B and TS-SE-A were sampled from different piezometer but similar depth with TS-NE-A2 and TS-SE-B3, respectively.](pone.0235235.g001){#pone.0235235.g001}

We declare that the research team who carried the field work in Mobile Bay, Alabama, USA did not need permission for accessing the field site as described. The

groundwater wells sampled for this study were private properties and at the time of sampling

the owners were present and gave personally access for groundwater collection. In total, we collected 20 samples across the coastal hydrological land-aquifer-ocean continuum of Mobile Bay ([Fig 1](#pone.0235235.g001){ref-type="fig"}): one sample of inland groundwater (GW-1); one sample (TS-SE-A) from a 2 m-depth piezometer at the TS-SE site; five pore water samples from a vertical profile collected in 0.5 m intervals from a 2.5 m-deep piezometer that is located in 3 m distance from TS-SE-A (TS-SE-B1, TS-SE-B2, TS-SE-B3, TS-SE-B4, TS-SE-B5); two pore water samples in a vertical profile taken in 1.5 m intervals from a 3 m-depth piezometer at the TS-NE site (TS-NE-A1, TS-NE-A2); one sample (TS-NE-B) from a 2 m-deep piezometer located 15 m from TS-NE-A; three river samples from the three main tributaries entering the bay (Mobile, Apalachee, and Blakeley rivers, abbreviated as MR, AR, BR, respectively), and Mobile Bay water column samples (MB1-7). Pore water from SGD sites was collected from piezometers located in the intertidal areas, and all samples were taken during the low tide when the SGD signal is the most pronounced. Samples from the Mobile Bay water column were collected from different parts of the bay to cover a gradient of salinity and river influence: samples MB1-4 were collected in the southern part of Mobile Bay where the river influence is almost negligible, while MB6-7 were taken close to estuaries in the northern part of the bay. The water sample for GW-1 was collected after pumping the well with a submersible pump at a constant rate until conductivity, temperature, and DO values were stable. Water samples from Mobile Bay and its tributaries were collected during boat surveys with a submersible pump from a depth of 0.3 m. Inland groundwater (GW-1) and pore water from TS-SE and TS-NE are categorized as subsurface samples, while river and Mobile Bay water column samples are grouped as surface water samples.

For microbial analysis, 250 ml of water samples were collected, filtered through a 0.2 μm isopore membrane filter, and stored frozen in a sterile microcentrifuge tube until analysis. Physical water parameters (salinity, temperature, and dissolved oxygen (DO)) and samples for nutrient analysis (NO~3~^-^, NH~4~^+^, DON and PO~4~^3-^) were also collected and measured alongside the microbial samples. The physical parameters were recorded with a Pro2030 (YSI Inc.) handheld instrument with a Galvanic sensor. Nutrient samples were filtered in the field through sterile 0.45 μm cellulose acetate filters and stored in acid-cleaned 50 mL polypropylene vials. Samples were kept on ice for a maximum of 6 hours until they were frozen pending analysis. The analyses were performed at the Dauphin Island Sea Lab (DISL) using a Skalar San^++^ segmented flow autoanalyzer with automatic in-line sample digestion (Skalar Analytical B.V).

Microbial community analysis {#sec004}
----------------------------

The DNA extraction of the microbial samples was conducted at the Leibniz Centre for Tropical Marine Research (ZMT), Germany, based on procedures described in Nercessian, Noyes \[[@pone.0235235.ref047]\]. The Primer set 515YF (`5’-GTGYCAGCMGCCGCGGTAA-3’`)/926R(`5’-CCGYCAATTYMTTTRAGTTT-3’`) \[[@pone.0235235.ref048]\] was used to obtain DNA sequences from the V4-V5 hypervariable region of the 16S rRNA gene. Amplicon sequencing was implemented on the Illumina Miseq platform at LGC Genomics (Berlin). Bioinformatic sequence processing was conducted using the DADA2 package \[[@pone.0235235.ref049]\]. Forward and reverse reads were quality trimmed to 215 bp at a maximum expected error rate of 4. Error learning and denoising were conducted using all sequences of the data set and pooling sequences across all samples. Forward and reverse reads were merged using default parameters and chimeras were removed with the method 'consensus'. Only amplicon sequence variants between 361 and 399 bp occurring at least twice in the data set were retained and will further be referred to as operational taxonomic units (OTUs). OTUs were taxonomically classified using the silvangs web service (<https://www.arb-silva.de/ngs/>, date accessed 23.08.2018) with version 132 of the SILVA reference database. Unwanted lineages (chloroplasts, mitochondria) and OTUs unclassified on the phylum level were removed from the dataset.

The prediction of functional genes based on 16S rRNA gene sequences was conducted using Tax4Fun2 \[[@pone.0235235.ref045]\], where OTUs were associated with specific KEGG orthologue functional genes (KO) and their subsequent empirical metabolic pathways. As SGD studies suggested NH~4~^+^-rich groundwater discharging from the eastern shore of Mobile Bay, KOs related to nitrogen metabolism (i.e. nitrification, denitrification, DNRA, assimilatory nitrate reduction, and nitrogen fixation) were chosen for further analysis and discussion. As methanotrophic and methanogenic communities were found in the study site, KOs related to the methane cycle were likewise investigated.

Primer-clipped sequences from this study have been submitted to the European Nucleotide Archive (ENA) with the project accession number PRJEB33004, using the data brokerage service of German Federation for Biological Data \[[@pone.0235235.ref050]\]. The OTU table and taxonomic classifications are available online (<https://doi.pangaea.de/10.1594/PANGAEA.912763>).

Statistical analysis {#sec005}
--------------------

Statistical analyses were implemented in R version 3.5.2 \[[@pone.0235235.ref051]\] using the vegan package version 2.5--6 \[[@pone.0235235.ref052]\]. Number of OTUs, Shannon, and inverse Simpson indices were calculated to estimate the alpha diversity of samples with more than 10000 sequences, randomly subsampling the data set to this sequencing depth 100 times. Beta diversity was assessed based on Bray-Curtis (BC) dissimilarities of relative sequence proportions and visualized using complete linkage hierarchical clustering for all microbial samples.

Prior to any statistical analyses, samples were divided into surface and subsurface samples because the relationships between environmental parameter in surface and subsurface samples were fundamentally different. Principal component analysis (PCA) was used to cluster sampling sites based on observed environmental parameters in surface and subsurface water samples. Missing data among the subsurface samples for the parameters salinity, temperature, and DO were estimated based on observations from a previous sampling expedition at the same sampling location. Non-metric multidimensional scaling (NMDS) was employed as ordination method for surface and subsurface microbial community composition. Environmental parameters were mapped to the NMDS plot using *envfit*, and the 3% most frequent and the 90% best fitted OTUs to environmental parameter were displayed in the NMDS ordination using the function *ordiselect* of the goeveg package version 0.4.2 \[[@pone.0235235.ref053]\]. Permutational multivariate analysis of variance (PERMANOVA) using the function *adonis2* was applied to relative OTU proportions of surface and subsurface microbial samples to determine the contribution of environmental parameters in explaining the variation in microbial community composition. The best model was determined by forward model selection based on a significant (p \< 0.1) increase in explained variation (R²). Due to the unavailability of salinity, DO, and temperature data for some of TS-SE and TS-NE samples, these parameters were excluded from the selection of environmental predictors for the subsurface communities. Due to a high collinearity, PO~4~^3-^, DON, and NO~3~^-^ were used to approximate the effects of salinity, DO, and temperature, respectively (PO~4~^3-^ and salinity: Pearson r = 0.98, DON and DO: Pearson r = -0.74, NO~3~^-^ and temperature: Pearson r = -0.63).

Results {#sec006}
=======

Environmental characteristics {#sec007}
-----------------------------

All measurements of environmental parameters of the collected water samples are listed in [Table 1](#pone.0235235.t001){ref-type="table"}. In the vertical profile of TS-SE, salinity increased with depth in the STE, while the salinity profile in TS-NE was uniform. Salinity also varied laterally within the bay. The southern part of the bay that was the furthest from the river entries had higher salinity (3.9--5.5 at MB1-4), whereas the northern part at the mouth of the rivers had lower salinity in the same range as the river (0.1--0.4 at MB5-7). During this sampling campaign, all surface water samples were well-oxygenated (DO \> 2 mg L^-1^), while groundwater and pore water samples were hypoxic (DO \< 1 mg L^-1^). NO~3~^-^ concentrations varied across all samples, ranging from 0--13.6 μM in surface water samples, and 0--155.9 μM in groundwater and pore water samples. The highest NO~3~^-^ concentration (155 μM) was found in the inland well, which was located 2.5 km from the coastline. Low NH~4~^+^ concentration (0--1.4 μM) in surface water contrasted with high NH~4~^+^ concentration in pore water, whereas the highest NH~4~^+^ concentrations and the highest range of NH~4~^+^ concentration was found in the vertical profile of TS-SE-B (4--125 μM). PO~4~^3-^ concentrations ranged between of 0 and 2 μM across all samples. DON concentration displayed a higher range in the subsurface (4--98 μM) compared to surface water samples (27--45 μM). Between two SGD sites, TS-SE had a considerably elevated concentration of DON (32--98 μM) in comparison to TS-NE (4--13 μM).

10.1371/journal.pone.0235235.t001

###### Physicochemical parameters at the study sites.

![](pone.0235235.t001){#pone.0235235.t001g}

  Sample     Longitude   Latitude   Salinity   DO (mg L^-1^)   Temperature (°C)   NO~3~^-^ (μM)   NH~4~^+^ (μM)   PO~4~^3-^ (μM)   DON (μM)
  ---------- ----------- ---------- ---------- --------------- ------------------ --------------- --------------- ---------------- ----------
  GW-1       -87.88392   30.4314    0.0        0.3             21.1               155.9           0.8             0.1              83.0
  TS-SE-A    -87.87815   30.39243   0.0        0.1             29.3               0.7             125.2           0.1              98.0
  TS-SE-B1   -87.87825   30.39229   0.0        0.6             29.9               81.9            54.5            0.6              33.0
  TS-SE-B2   -87.87825   30.39229   1.8        0.6\*           29.4               63.9            4.5             2.7              32.0
  TS-SE-B3   -87.87825   30.39229   1.8        0.0\*           29.4\*             3.3             119.3           2.3              57.0
  TS-SE-B4   -87.87825   30.39229   1.8\*      0.0\*           29.4\*             2.8             92.0            1.8              60.0
  TS-SE-B5   -87.87825   30.39229   1.8\*      0.0\*           29.4\*             2.3             51.8            0.6              92.0
  TS-NE-A1   -87.90843   30.53017   0.1        1.3             25.5               78.0            0.5             0.2              10.0
  TS-NE-A2   -87.90843   30.53017   0.1\*      1.4\*           25.5               145.0           3.9             0.5              4.0
  TS-NE-B    -87.90863   30.53016   0.0        0.4             26.4               3.1             16.9            0.1              13.0
  MB1        -87.85198   30.24455   3.9        3.6             27.9               0.9             0.4             0.2              42.1
  MB2        -87.79181   30.25622   4.4        3.8             29                 0.7             0.0             0.1              33.3
  MB3        -87.75262   30.28377   5.5        4.6             30.1               0.7             0.2             0.1              32.5
  MB4        -87.77329   30.26144   4.9        3.2             29.1               0.7             0.3             0.2              27.7
  MB5        -87.92827   30.62521   0.1        3.8             24.8               13.6            1.3             0.6              44.0
  MB6        -87.90781   30.57037   0.4        2.1             25.1               4.8             0.3             0.6              36.9
  MB7        -87.99113   30.53048   0.1        3.4             29.5               1.4             0.3             0.9              35.7
  MR         -88.01071   30.68467   0.1        2.6             29.4               9.3             1.2             0.5              33.5
  BR         -87.92734   30.66650   0.1        3.5             29.4               7.6             0.8             0.4              30.8
  AR         -88.00559   30.68133   0.0        3.5             27.5               11.5            1.5             0.6              32.7

Asterisks (\*) indicate recalculated values obtained from Montiel, Lamore (24) based on patterns from a previous sampling campaign at the same sampling location as no observations were available during our expedition.

The PCA for environmental parameters in surface water showed that PC1, which accounted for 52.2% of the variation in the data, separated MB1-4 from the rest of the surface water samples and was mainly associated with DO, PO~4~^3-^, DON, and NH~4~^+^ concentrations, while PC2 was mainly determined by temperature, salinity, and NO~3~^-^ ([Fig 2A](#pone.0235235.g002){ref-type="fig"}). Different patterns of association between environmental variables were found in subsurface samples, where 55.6% of the variability of subsurface environmental parameters was explained by PC1, which separated TS-NE and the groundwater sample from the samples from TS-SE ([Fig 2B](#pone.0235235.g002){ref-type="fig"}). Among subsurface samples, DO and NO~3~^-^ concentration were negatively associated with salinity, temperature, PO~4~^3-^, DON, and NH~4~^+^.

![Principal Component Analysis (PCA) for based on the environmental parameters for surface water (A) and subsurface water (B). Nitrate: NO~3~^-^; Dissolved organic nitrogen: DON; Ammonium: NH~4~^+^; Phosphate: PO~4~^3-^; Dissolved oxygen: DO.](pone.0235235.g002){#pone.0235235.g002}

Microbial diversity and community ordination {#sec008}
--------------------------------------------

In total, 565,793 sequences represented in 7827 OTUs were obtained for further analysis with an average of 28,289 sequences per sample. We identified 7687 bacterial OTUs contained in 558,435 sequences and 140 archaeal OTUs represented in 7358 sequences. There were three samples with less than 10,000 sequences (i.e. TS-SE-B4, TS-NE-A1, and MB6), which we excluded from the alpha diversity analysis due to insufficient sequencing depth. We observed trends among the three investigated alpha diversity indices ([Fig 3](#pone.0235235.g003){ref-type="fig"}), where TS-SE-B2 and TS-SE-B3 consistently had the highest number of OTUs, Shannon, and inverse Simpson indices compared to the other samples, while the lowest number of OTUs, Shannon and inverse Simpson indices was found in TS-SE-B5. This pattern was not visible in GW-1, which exhibited the second lowest number of OTUs, but average Shannon and inverse Simpson indices. The remaining subsurface samples, as well as bay and river water samples were within a similar richness and diversity range. The Spearman correlation analysis between subsurface taxonomic diversity and observed environmental parameters indicated that DON had the highest correlation to Shannon and inverse Simpson indices (Spearman ρ = -0.62), followed by PO~4~^3-^ concentration (Spearman ρ = 0.52) ([S1 Table](#pone.0235235.s002){ref-type="supplementary-material"}).

![Alpha diversity of microbial communities across all samples assessed by number of OTUs (A), Shannon (B) and inverse Simpson indices (C). Samples TS-SE-B4, TS-NE-B1, and MB6 were not included in the calculation due to insufficient sequencing depth.](pone.0235235.g003){#pone.0235235.g003}

Bray-Curtis (BC) dissimilarities between samples ranged from 0.2 to 0.9 ([Fig 4](#pone.0235235.g004){ref-type="fig"}). Generally, each surface water sample from the river and the Mobile Bay water column was quite similar to each other in terms of microbial community composition (pairwise BC = 0.3--0.5). Microbial community composition in MB5-7 was more similar to river samples than MB1-4. All samples from the vertical SGD profiles were highly heterogeneous (pairwise BC \> 0.6). Across the TS-SE samples, microbial communities among TS-SE-B1 and TS-SE-B2 were more similar to each other, while the deeper samples (TS-SE-B3, TS-SE-B4, TS-SE-A) displayed a higher heterogeneity. Within the TS-NE area, microbial communities of TS-NE-A2 and TS-NE-B were more similar to each other than to TS-NE-A1 due to similar depth. Overall, the average dissimilarity within subsurface samples (BC = 0.9) was higher than within surface samples (BC = 0.8).

![Complete linkage hierarchical clustering based on Bray-Curtis dissimilarities of relative OTU proportions.](pone.0235235.g004){#pone.0235235.g004}

Fitting environmental parameters onto the NMDS ordination for surface water samples showed that microbial community composition in river and northern Mobile Bay (MB5-7) water samples were associated with high nutrient concentration ([Fig 5A](#pone.0235235.g005){ref-type="fig"}), while the communities in the southern Mobile Bay (MB1-4) were positively associated with salinity. The patterns in microbial community composition of the subsurface samples and their association with environmental parameters were explored in separate NMDS ordination ([Fig 5B](#pone.0235235.g005){ref-type="fig"}), which showed that TS-NE microbial samples were positively associated with DO and NO~3~^-^. The majority of TS-SE microbial samples were associated with NH~4~^+^, PO~4~^3-^, DON, salinity, and temperature, except for TS-SE-B5. TS-SE-B5 and GW1 were located the furthest from the other samples in the ordination, indicating their distinct microbial community composition.

![Non-metric multidimensional scaling (NMDS) plot depicting the association between microbial community composition and environmental data for surface water samples (A) and subsurface water samples (B). The position and taxonomic affiliation of dominant OTUs most fitted to the observed environmental parameters are shown.](pone.0235235.g005){#pone.0235235.g005}

Salinity and NH~4~^+^ were identified as the strongest predictors of community shifts in surface samples, in total explaining 58.5% of the variation in community composition ([Table 2](#pone.0235235.t002){ref-type="table"}). Salinity was determined as most significant parameter with a pure contribution of 26.9% to the change of microbial community composition across all surface samples. Due to some collinearity, there was a 17% overlap in explained variation between these two parameters. Among the subsurface samples, DON and PO~4~^3-^ were determined as best-suited parameters to explaining patterns in microbial community composition with a total contribution of 25.4%. Both parameters had equal pure contributions, and there was no overlap in explained variation. The selection of DON and PO~4~^3-^ as significant predictors implied a potentially similarly important role of DO and salinity, as any effect attributed to DON and PO~4~^3-^ could also be explained by DO and salinity due to their high correlation (DON and DO: Pearson r = -0.74, PO~4~^3-^ and salinity: Pearson r = 0.98).

10.1371/journal.pone.0235235.t002

###### Contribution and significance of observed environmental factors shaping microbial community composition based on PERMANOVA.

![](pone.0235235.t002){#pone.0235235.t002g}

  Source of variation   Adjusted R^2^ (%)   Df   F      P-value
  --------------------- ------------------- ---- ------ -------------
  Surface samples                                       
  Final model           58.5                2    4.92   0.001\*\*\*
  Salinity              26.9                1    4.54   0.004\*\*
  NH~4~^+^              12.9                1    2.18   0.072.
  Subsurface samples                                    
  Final model           25.4                2    1.19   0.022\*
  DON                   12.9                1    1.21   0.044\*
  PO~4~^3-^             12.6                1    1.18   0.063.

Significance codes: 0 '\*\*\*' 0.001 '\*\*' 0.01 '\*' 0.1 '.' 0.1

Microbial community composition across horizontal and vertical scales {#sec009}
---------------------------------------------------------------------

We found that *Gammaproteobacteria*, *Bacteroidia*, *Oxyphotobacteria*, *Actinobacteria*, and *Alphaproteobacteria* were the most dominant bacterial classes across all samples ([Fig 6A](#pone.0235235.g006){ref-type="fig"}). *Gammaproteobacteria* were present in high proportions in the inland groundwater (70%), river water, and TS-NE samples (average 20%). OTUs affiliated with the freshwater genera *Vogesella* and *Polynucleobacter* of the *Gammaproteobacteria* occurred in high proportions in the inland groundwater sample. OTUs related to *Methylobacter* (class *Gammaproteobacteria*) and unclassified *Thermodesulfovibrionia* were the most dominant OTUs from TS-NE and TS-SE, respectively. From subsurface to surface water samples, community composition shifted from *Gammaproteobacteria*-dominated to a community with increased proportions of *Oxyphotobacteria*, *Bacteroidia*, *ActinobacteriaI* and *Alphaproteobacteria*. *Oxyphotobacteria* dominated bay water samples and the upper two layers of the TS-SE vertical profile (TS-SE-B1, TS-SE-B2). The most dominant OTU of the *Oxyphotobacteria* was classified as *Cyanobium PCC-6307*. Within the surface samples, this OTU was identified as the most dominant and best fitted to salinity, NO~3~^-^, NH~4~^+^, and PO~4~^3-^ ([Fig 5A](#pone.0235235.g005){ref-type="fig"}). *Bacteroidia* were mainly represented by a *Flavobacterium* OTU with the highest proportions in river samples ([Fig 6B](#pone.0235235.g006){ref-type="fig"}). OTUs from *Actinobacteria* were almost exclusively detected in surface water samples, mostly affiliated with the *hgcl clade*. *Alphaproteobacteria* were detected in high proportions across surface water samples with an average of 15% and 8% in river and coastal samples, respectively. OTUs of the *SAR11 clade* comprised 50% of the *Alphaproteobacteria* in surface water samples with *SAR11 clade II* predominantly found in MB1-4 and *SAR11 clade III* occurring mainly in MB5-7 and river samples, respectively.

![Relative sequence proportion of dominant microbial taxa at class (A) and genus level (B).](pone.0235235.g006){#pone.0235235.g006}

At TS-SE, the microbial community composition differed notably between the upper (TS-SE-B1 and TS-SE-B2), middle (TS-SE-B3, TS-SE-B4), and bottom sediment layers (TS-SE-B5). *Cyanobium PCC-6307*, which displayed high proportions in all bay water samples, dominated TS-SE-B1 (9%) and TS-SE-B2 (17%). The TS-SE-B2 sample originated from an intermediate layer between the oxic upper layer and anaerobic deeper layers, and was characterized by e.g. aerobic cyanobacteria and anaerobic sulfate-reducing bacteria (SRB). The middle layers in TS-SE were dominated by a mixture of obligate anaerobic bacteria, fermentative bacteria, SRB, and methanogenic archaea, indicative of a highly reducing environment. Unclassified *Thermodesulfovibrionia* showed the highest proportion in TS-SE-A (13%), and also notably contributed to TS-SE-B3 and TS-SE-B4 (5--6%). This taxon also had the highest *ordiselect* score according to the ordination of the subsurface samples, indicating their dominance and association with changes in environmental parameters, particularly to DON, DO, and temperature. Another dominant genus comprising 2 to 25% in the peat layer was SCGC-AB-539-J10 of the *Dehaloccoccoidia*, which is one of the most widely distributed taxa in marine subsurface sediments samples. We also identified high proportions of SRB-related genera of the class *Deltaproteobacteria*: unclassified *Syntrophobacteraceae*, *Desulfobacca*, *Desulfatiglans*, *Syntrophorhabdus*, *Syntrophus*, and unclassified *Desulfobulbaceae*. Overall, the aforementioned genera accounted for 12%, 9%, 4% of the sequences in TS-SE-B3, TS-SE-B4, and TS-SE-B5 samples, respectively. Unclassified *Anaerolineaceae* of the class *Anaerolinea*, a taxon consisting of obligate anaerobic and fermentative bacteria, contributed between 1 and 9% in these layers. The dominant taxa in the deepest sediment layer (TS-SE-B5), were found to be distinctly different from the upper layers and comprised mainly of the following genera: unclassified *Pirellulaceae* (18%), unclassified *Gaiellales* (15%), *Nocardiodes* (14%), and *Mesorizhobium* (11%).

At the TS-NE site, *Gammaproteobacteria* was the most dominant bacterial class in all layers, followed by *Deltaproteobacteria* and *Alphaproteobacteria*. At genus level, most of the *Gammaproteobacteria* in these samples were related to type I methanotrophs of the genera *Methylobacter* and *Methylococcus*. In total, methanotrophic genera accounted for 12% and 15% of the sequences in TS-NE-A2 and TS-NE-B, respectively. Overall, the TS-NE vertical profile shifted from a mixture of marine (e.g. unclassified *env*. *OPS17* and *Cyanobium PCC-6307*) and facultative anaerobic bacteria (e.g. *Geothrix*) in the uppermost sediment layer to a more methanotroph-dominant community in the bottom layer.

Across all samples, archaea were identified in notable proportions at the anaerobic TS-SE site, i.e. 4%, 4%, 11%, and 6% in TS-SE-A, TS-SE-B3, TS-SE-B4, and TS-SE-B5, respectively. *Methanomicrobia*, *Omnitrophicaeota*, and *Woesearchaeia* were the dominant archaeal classes found in the samples. *Methanomicrobia* were mainly represented by the genera *Methanolinea*, *Methanoregula* and *Candidatus* Methanoperedens. Unclassified *Bathyarchaeia* were found in TS-SE-B3 and TS-SE-B4 together with *Methanomicrobia*. To a lesser extent, archaea were also found in TS-SE-A1, TS-NE-A2, and TS-NE-B with a sequence proportion of 1--2%. At these sites, *Thaumarchaeota* was the dominant class, mainly represented by nitrifying genera *Candidatus* Nitrosopumilus and unclassified *Nitrosotaleaceae*.

Metabolic prediction {#sec010}
--------------------

To accompany the result of the physico-chemical and microbial community analysis, we used Tax4Fun2 to predict microbial metabolic functions in the subterranean estuary that may affect the composition of SGD. Tax4Fun2 was able to use on average 54% of the sequences represented in 44% of the OTUs for metabolic prediction. The highest unused fraction for the metabolic prediction was found in TS-SE-A. The highest proportions of KOs related to ammonia oxidation (nitrification) were predicted in TS-NE-A2 and TS-NE-B and the lowest in TS-SE-B5 and MB1-4 ([Fig 7](#pone.0235235.g007){ref-type="fig"}). Communities of inland groundwater and the deeper layers of TS-SE were characterized by nitrogen cycling pathways usually occurring in anoxic environments, such as denitrification, DNRA, or nitrogen fixation. Except for assimilatory nitrate reduction, enzymes related to the nitrogen cycle were predicted in lower proportions in surface waters compared to subsurface samples.

![Heatmap of the proportion of predicted KEGG Orthologs (KO) related to nitrogen metabolism based on Tax4Fun2.\
Dissimilatory nitrate reduction to ammonium: DNRA.](pone.0235235.g007){#pone.0235235.g007}

Discussion {#sec011}
==========

Changes in microbial community composition along the freshwater-marine water continuum {#sec012}
--------------------------------------------------------------------------------------

In this study, we observed significant variations in microbial community composition and diversity across a horizontal (e.g. groundwater-river-bay) and vertical (e.g. pore water depth profile) gradient in the STE of Mobile Bay, Alabama. Among the observed environmental parameters, salinity was identified as the primary factor affecting the variation of microbial community composition in the surface water samples. The importance of salinity in governing the distribution and diversity of microbial communities across the hydrological continuum is well studied \[[@pone.0235235.ref033], [@pone.0235235.ref035], [@pone.0235235.ref054]\]. Across the subsurface samples, DON and PO~4~^3-^ were identified as the parameters explaining the observed patterns in community composition with similar amount of contribution. DON is normally generated in TS-SE by peat mineralization where its concentration was considerably higher in comparison to TS-NE, and likely resulted in the different community composition between the two locations. The influence of DON in shaping microbial community composition is also found in other study conducted in peatlands \[[@pone.0235235.ref055]\], while PO~4~^3-^ is also identified as a limiting nutrient for subsurface microbial communities in peatlands as inorganic orthophosphate tends to bond to organic compound; therefore restricting its bioavailability \[[@pone.0235235.ref056]\]. Furthermore, in this case DON and PO~4~^3-^ may act as a proxy for DO and salinity due to their high correlation in subsurface samples. DO as a potential predictor of microbial community composition in subsurface samples is expected due to the steep gradient from aerobic to anaerobic conditions across these samples. Indeed, all of the TS-NE samples were considered more oxygenated due to the higher hydraulic conductivity and coarser lithology than TS-SE. DON and PO~4~^3-^ concentration affecting the diversity of the subsurface microbial communities was also supported by correlation analysis between alpha diversity and environmental parameters. Nevertheless, as only 25% of community variation could be attributed to DON and PO~4~^3-^, it is assumed that other environmental variables play additional roles in this environment. Considering that we found high proportions of SRB, methanogenic and methanotrophic bacteria and archaea, it is likely that the concentrations of various electron acceptors strongly determine subsurface communities \[[@pone.0235235.ref034]\]. For example, in a subterranean environment inhabited by both SRB and methanogenic archaea, their abundance is controlled by available substrate concentration (e.g. acetate, hydrogen, methanol), organic loading \[[@pone.0235235.ref057], [@pone.0235235.ref058]\], and ion concentration \[[@pone.0235235.ref059]\], which were not measured in this study. In this case, further studies, including measuring more environmental parameters, are needed to characterize the drivers of community shifts with higher certainty.

In general, the overall proportion of explained variation in the subsurface samples was lower compared to surface samples due to the high heterogeneity of subsurface microbial communities. Pore water samples from the TS-SE consisted of a diverse mixture of fresh water and marine microbes, as well as aerobic, facultative anaerobic, and obligate anaerobic bacteria, thus increasing microbial alpha diversity, especially in TS-SE-B2 and TS-SE-B3. The higher diversity of the communities in the anaerobic layers is also supported by the higher proportion of archaea identified in these layers, which grow by fermentation or anaerobic respiration using various electron acceptors. TS-SE-B1 exhibited a high number of OTUs but average Shannon and inverse Simpson indices, indicating the presence of a large number of rare OTUs in this sample. Inversely, GW-1 had average Shannon and inverse Simpson indices but low number of OTUs, pointing to a more even community. The low diversity of OTUs in GW-1 may also arise from limited substrate availability (e.g. organic matter), lack of photosynthesis, or as a result of filtration processes through the aquifer material \[[@pone.0235235.ref060], [@pone.0235235.ref061]\].

In this study, the most notable difference between the inland groundwater microbial community and the rest of the samples is the high proportion of *Gammaproteobacteria*, particularly from the families *Chromobacteriaceae*, *Burkholderiaceae*, and *Pseudomonadaceae*, which are all common in fresh groundwater samples \[[@pone.0235235.ref062], [@pone.0235235.ref063]\]. The genus *Pseudomonas*, from the family *Pseudomonadaceae*, is known for its denitrifying capabilities in almost all of its species \[[@pone.0235235.ref064]\]. The occurrence of denitrification in the aquifer is also supported by metabolic prediction. Such a microbial contribution may be relevant considering that Montiel, Lamore (24) reported denitrification as one major pathway of NO~3~^-^ removal in the coastal aquifer of Mobile Bay.

We observed a phylogenetic shift from subsurface to surface water communities, the latter resembling eutrophic planktonic communities presumably due to high primary productivity and frequent contact with anthropogenic activities and contamination \[[@pone.0235235.ref063]\]. The microbial communities in surface water in this study were dominated by cyanobacteria and other bacterioplankton taxa. In river samples, microbial community composition was characterized by a high proportion of *Actinobacteria* and *Bacteroidia*, which are common lineages in surface freshwater \[[@pone.0235235.ref065], [@pone.0235235.ref066]\]. In this study, they were represented by the *hgcl clade* and *Flavobacterium*, respectively. The *hgcl clade* is a ubiquitous taxon and associated with N-rich environments or organic compound utilization \[[@pone.0235235.ref067]\], while *Flavobacterium* is widely known to play an essential role in the degradation of complex biopolymers in marine and freshwater environment \[[@pone.0235235.ref068]\]. The most dominant surface water genus from *Gammaproteobaceria*, *Polynucleobacter*, is often found in surface water bodies impacted by urban activities \[[@pone.0235235.ref069], [@pone.0235235.ref070]\].

The microbial community composition of the river samples is indicative of a transition zone between fresh and saline surface water as well as an active tidal cycle. There is a combination of brackish-marine taxa (e.g. *CL500-29 marine group*, *SAR11 clade III*) with freshwater taxa that were not found in the more saline samples (e.g. *Limnohabitans*, *Sediminibacterium*, *Pseudocarcicella*). We found that the extent of the river plume into Mobile Bay was traceable by both salinity and microbial community composition. During the sampling campaign in July 2017, the salinity increased from 0.2 in the northern part of the bay and increased into 4.7 in the southern part. Furthermore, beta diversity analysis suggested that the microbial communities of the tributary rivers (BR, MR, AR) were similar to those from the northern part of Mobile Bay (i.e., MB5-7), indicating that the northern part of the bay was heavily influenced by river discharge which was also reported by Ortmann and Ortell \[[@pone.0235235.ref042]\].

Water samples from Mobile Bay were characterized by OTUs related to the *SAR11 clade*, *Cyanobium PCC6307*, and *CL500-29 marine group*. *Cyanobium PCC-6307* is a freshwater cyanobacterium commonly found in warm water \[[@pone.0235235.ref071]\]. The distribution of *SAR11 clade* was distinctly associated with their salinity preference: while *SAR11 clade II* was dominant in the southern part of Mobile Bay and the clade itself is commonly associated with coastal water, the northern part of Mobile Bay had a higher proportion of *SAR11 clade III* known from brackish water communities \[[@pone.0235235.ref072]\]. The dominance of SAR11 in the lower end of estuaries and low salinity coastal water was also reported from other studies from Mobile Bay \[[@pone.0235235.ref042], [@pone.0235235.ref073], [@pone.0235235.ref074]\]. All of the above bacterial taxa are associated with active primary productivity and carbon cycling \[[@pone.0235235.ref067], [@pone.0235235.ref072], [@pone.0235235.ref075]\]. *CL500-29* is also known from algal blooms and eutrophic waters \[[@pone.0235235.ref076]--[@pone.0235235.ref078]\]. In an environment of high primary productivity, cyanobacteria and heterotrophic bacteria may be involved in close interactions. The cyanobacteria release organic matter that attracts heterotrophic bacteria and inversely the heterotrophic bacteria may release inorganic nutrients which could be recycled and reused by cyanobacteria \[[@pone.0235235.ref079], [@pone.0235235.ref080]\]. The occurrence of high primary productivity suggested by microbial community composition in this study, in addition to vertical stratification of the water column due to natural wind and tide pattern of Mobile Bay \[[@pone.0235235.ref039], [@pone.0235235.ref081]\] and elevated SGD-derived DON and NH~4~^+^ \[[@pone.0235235.ref024]\], may promote the occurrence of hypoxia events during the dry seasons.

In general, we did not observe any occurrence of community coalescence between freshwater and marine bacteria except for the prevalence of marine taxa in river samples and the uppermost layer of the pore water vertical profiles. These marine taxa are most likely brought to the estuaries and the upper STE by the previous high tide, and their high proportion in a zero salinity environment suggests a tolerance to a wide range of salinities \[[@pone.0235235.ref082]\]. Inversely, freshwater bacteria are found only in low or even negligible proportions in the brackish and saline samples. In the bay water sample collected close to groundwater discharge points (i.e. MB6, which is located in the direction of flow discharge from TS-NE), we did not identify freshwater taxa or taxa that are dominant in the TS-NE pore water. This finding contradicts a study from Lee, Shin \[[@pone.0235235.ref036]\], which found subsurface bacteria in coastal water during ebb tide characterized by high SGD rate. The different findings could be caused by the location of our sampling point, which is too far from the land that freshwater taxa exported by SGD or surface water might already be lost due to environmental and biotic filtering, considering that these taxa have a lower resistance to salinity changes in comparison to marine taxa \[[@pone.0235235.ref082]\]. Nevertheless, this highlights the importance of implementing microbial studies over a more extended time period (i.e. covering different tidal cycle or seasons).

Vertical distribution of microbial community composition in SGD sites {#sec013}
---------------------------------------------------------------------

To describe vertical patterns in microbial community composition, we sampled vertical pore water profiles from two SGD sites. A sediment core recovered from the TS-SE, that essentially reflects the STE in this site, showed a lithological stratification. The uppermost layer consists of medium sand, followed by organic-rich/peat layer, and medium sand at the bottom of the core. The upper layers were dominated by aerobic bacteria and marine cyanobacteria, which suggests the infiltration of surface bay water into the upper part of the intertidal zone. The peat layer had distinctive anaerobic environment with a high proportion of SRB, fermentative bacteria, and methanogenic archaea, indicating the prevalence of syntrophic hydrocarbon degradation. In a reducing environment, it is common to find syntrophic consortia of these three types of bacteria \[[@pone.0235235.ref034], [@pone.0235235.ref057], [@pone.0235235.ref083]--[@pone.0235235.ref085]\]. Organic matter from the peat layer can be hydrolyzed and fermented by fermentative bacteria, whose end products serve as the primary substrates for sulfate reduction or methanogenesis \[[@pone.0235235.ref086]\]. Even though the SRB and methanogens compete with each other to utilize the organic substrates produced by the fermentative bacteria, their co-existence in peatlands is not uncommon \[[@pone.0235235.ref058], [@pone.0235235.ref087], [@pone.0235235.ref088]\]. The three most dominant archaeal classes in these reducing layers were *Woesearchaeia*, *Bathyarchaeia*, and *Methanomicrobia*. *Woesearchaeia*, commonly found in groundwater and sediment, are known for their symbiotic lifestyle and role in anaerobic carbon cycling \[[@pone.0235235.ref031]\]. The predominant genera from class *Methanomicrobia*, *Methanolinea* and *Methanoregula*, are commonly found in other reducing environments such as peat bogs or anaerobic wastewater sludge \[[@pone.0235235.ref089], [@pone.0235235.ref090]\]. The co-occurrence of *Methanomicrobia* with *Bathyarchaeia* in the anoxic layers is also reported from peatlands in China \[[@pone.0235235.ref085]\] as well as from engineered anaerobic sludge systems \[[@pone.0235235.ref091]\]. In peatlands, the symbiotic association of *Methanomicrobia* and *Bathyarchaeia* plays a critical ecological role in the production of acetate, an essential precursor of methanogenesis. The potential occurrence of the productive methane production in the reduced layer of TS-SE is supported by the result of methane-related metabolic prediction ([S1 Fig](#pone.0235235.s001){ref-type="supplementary-material"}). While methane concentration was not measured in this study, a previous study found methane fluxes were detected in some parts of the Mobile Bay coastline, with stronger fluxes identified in lower salinity coastal areas \[[@pone.0235235.ref092]\].

The bottom-most layer of the TS-SE vertical profile was characterized by typical soil or sediment bacteria (e.g. *Mesorizhobium*, Delgado, Casella \[[@pone.0235235.ref093]\]). The distinct change in microbial community composition as well as the predicted metabolic function suggests that the bottom sand layer is independent of the above peat layer.

At the TS-SE site, NO~3~^---^rich groundwater percolates through an organic-rich/peat sediment layer and the bulk nitrogen is transformed into NH~4~^+^ before discharging to Mobile Bay. In addition to net NH~4~^+^ production by mineralization, the loss of NO~3~^-^ in the peat layer may be related to biological uptake (assimilatory nitrate reduction), denitrification or DNRA, as supported by the metabolic prediction. NO~3~^-^ losses through denitrification in peat soils have been observed elsewhere (e.g. Van Beek, Hummelink \[[@pone.0235235.ref094]\], Jörgensen and Richter \[[@pone.0235235.ref095]\]). Denitrification is regulated by the *nirS/nirK* subunits of the nitrite reductase gene in bacteria, which is widespread among various taxonomic groups of bacteria except for gram-positive bacteria and obligate anaerobes, with few exceptions \[[@pone.0235235.ref096], [@pone.0235235.ref097]\]. DNRA is mostly carried out by fermentative or chemolithotrophic bacteria recycling NO~3~^-^ to NH~4~^+^ facilitated by the genes encoded as *nrfA*, *nirD* and *nirB* \[[@pone.0235235.ref098], [@pone.0235235.ref099]\]. These three genes work complementarily in reducing nitrate to ammonia depending on the condition of low/high nitrate input \[[@pone.0235235.ref100]\]. The occurrence of DNRA in Mobile Bay's STE has been reported before in the adjacent smaller estuary Weeks Bay \[[@pone.0235235.ref030]\]. The prevalent taxa found in this site, i.e. *Dehaloccoidia*, *Bathyarchaeia*, *Thermodesulfovibrionia*, *Anaerolinaceae*, *Syntrophaceae*, and *Syntrophorhabdus* were reported to be associated with DNRA processes in other studies conducted in sediments with similar characteristics \[[@pone.0235235.ref101]--[@pone.0235235.ref104]\]. *Deltaproteobacteria*-affiliated SRB, whose proportion reached up to 12% in the peat layer, have the secondary capacity to implement DNRA due to their ability to grow with nitrate as a terminal electron acceptor and reduce it to ammonium \[[@pone.0235235.ref105]--[@pone.0235235.ref107]\]. In many cases, the coexistence of denitrification and DNRA processes is found in oxic-anoxic coastal interfaces \[[@pone.0235235.ref102], [@pone.0235235.ref108]\], where oxidation status and C/N ratio often determine which process dominates N cycling \[[@pone.0235235.ref096], [@pone.0235235.ref109], [@pone.0235235.ref110]\]. This finding also supports other microbial studies stating that STEs are a biogeochemical hotspot for nitrogen cycling and these complex processes may alter SGD quality discharging to coastal waters (e.g. Santoro, Francis \[[@pone.0235235.ref028]\], Adyasari, Hassenrück \[[@pone.0235235.ref035]\]).

At the TS-NE site, the lithology consists exclusively of coarse sand and is distinguished by a high hydraulic conductivity. The microbial community at this site consisted of a mixture of aerobic and facultative bacteria, with a high proportion of methanotrophic bacteria of the genus *Methylobacter*. The *Methylobacter* lineage consists of some of the most abundant methane oxidizers in soil communities, which commonly utilize methane or other C1-compounds \[[@pone.0235235.ref111], [@pone.0235235.ref112]\]. This was in accordance with the organic source analysis from the peat layer that was close to, but not in contact with, the piezometer, and composed of C1 and C2 compounds indicative of decaying plant material \[[@pone.0235235.ref024]\]. Methanotrophs usually contribute to biogeochemical cycling by oxidizing methane or ammonia using the enzymes methane monooxygenase (encoded by the gene *mmo*) and ammonia monooxygenase (*amo*), respectively. Both *amo* and *mmo* have similar homology and may interchangeably be used by the methanotrophs \[[@pone.0235235.ref112]--[@pone.0235235.ref115]\]. Notably, the proportion of predicted ammonia oxidation pathways in TS-NE-A2 and TS-NE-B was among the highest across all of the samples.

Overall, the total sequence proportion of archaea across all of the samples only represents 1% of the microbial community. Archaea generally compose a minority fraction of the microbial community in groundwater, however they are known to play a notable role in shaping the biogeochemical cycle in their respective environment regardless of their low relative abundance \[[@pone.0235235.ref028], [@pone.0235235.ref116]\], which is supported by the result of metabolic prediction. For instance, the archaeal community seems to contribute to ammonia oxidation at TS-NE, indicated by the prevalence of *Thaumarchaeota*, a ubiquitously distributed archaeal class known for their ammonia-oxidizing capability \[[@pone.0235235.ref032], [@pone.0235235.ref117]\]. Furthermore, the methane cycling processes at TS-SE may likely be regulated by the methanogenic archaea. This finding is also consistent with other studies reporting rare taxa to contribute disproportionately and perform essential biogeochemical functions in the ecosystem \[[@pone.0235235.ref118], [@pone.0235235.ref119]\].

As a limitation of the metabolic prediction, it should be noted that the usage of short 16S rRNA gene sequences to predict metabolic functions is severely constraint by the limited information content of the amplicon, biasing the accurate assignment of functional genes to a specific 16S. Thus, we suggest using the results of this study as a primer for further metagenomic or metatranscriptomic investigations, as well as quantitative polymerase chain reaction (qPCR) assays targeting, e.g., methanotrophic, methanogenic bacteria and archaea, which displayed notable sequence proportion in the coastal pore water samples. Methane is highly abundant in peatlands \[[@pone.0235235.ref120], [@pone.0235235.ref121]\] and one of the main contributors of aquatic greenhouse gases emissions \[[@pone.0235235.ref122], [@pone.0235235.ref123]\]. Thus, understanding its cycling may be valuable particularly in coastal areas with dynamic sea-level change and a fast-changing anthropogenic landscape such as Mobile Bay.

Conclusion {#sec014}
==========

In this study, we assessed microbial community composition and distribution in terrestrial and coastal water of Mobile Bay, Alabama, where SGD-derived nutrient fluxes cause harmful algal blooms and large scale fish and crustacean kills (*Jubilee* events) each summer. Microbial community composition across the surface hydrological continuum was primarily governed by salinity, while DON and PO~4~^3-^ concentrations were the strongest predictors of community shift within the subsurface ecosystems. Samples originating from the estuary and water column of Mobile Bay were dominated by bacterioplankton, particularly cyanobacteria, which are typically found in environments with high primary productivity. We further observed that microbial communities displayed different compositions along the two vertical profiles at SGD sites due to contrasting sediment stratigraphy and presumed oxygen distribution. This study suggest that microbial communities in these two sites are essential contributors to the nitrogen and methane cycle, particularly related to denitrification and DNRA at the TS-SE site, and ammonia or methane oxidation at the TS-NE site. Considering that the microbially mediated elemental cycling in the STE influences the chemical composition of the submarine groundwater discharging to Mobile Bay's water column, these findings may be used as an incentive for further studies involving a wide range of metabolic processes and their potential impact on the ecosystem in terms of climate-related hydrological change on a regional scale.

Supporting information {#sec015}
======================

###### Heatmap of the proportion of predicted KEGG orthologs (KO) related to methane metabolism based on Tax4Fun2.
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Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: SGD has been recognized as a major pathway of inland-derived nutrients and chemical flux into ocean. Nitrogen transformation mediated by chemical and microbial reaction along its pathway from inland aquifer to subterranean estuary could serve as a major mechanism controlling the level and form of nutrient discharge into the ocean. This paper aims to investigate microbial composition and distribution along the coastal subsurface/surface water bodies influenced by nutrient-rich SGD. The manuscript presents interesting results (sharp shifts in microbial composition depending on location and environmental factors, different nitrogen transformation mechanisms at different SGD sites, possibly associated with different geology.) which could provide a contribution to the literature. A major limitation to the study is the number of samples analyzed. Authors obtained and analyzed one sample from each site during one sampling period although this study would clearly benefit from expanded sampling to make the conclusions from convincing. Given that analysis error and potential biases from sampling, for example, it is not sure whether the general characteristics of microbial composition, distribution and its function of each site can be reasonably represented. Most of chemical data presented does not include statistical information such as error range, mean, p-values, etc. The PCA analysis result revealed that salinity and nitrate are key environmental factors controlling microbial community. Unfortunately, however, authors did not get salinity data for some key samples (TS-4, 5), and referenced the data from previous studies. Given that the significant effect of salinity on the analysis results, this issues needs to be tested more carefully. First, authors needs to show that the hydrological condition between two sampling period were similar, thus there is limited seasonal (temporal) effect in the salinity profile. Second, the authors has to present the salinity data from TS 1-3 from pervious field campaign and confirm that the shallow porewater (TS1-3) presented low salinity (freshwater) values during both field campaign period.

Manuscript needs moderate revision for its structure. I found it is difficult to follow the manuscript in parts, which are common when many things were summed up in one paper.

\(1\) Line 97:

The SGD and nutrient fluxes better to be represented as m/day (mmol/m2/day) or m3/m/day (mmol/m/day). Considering the different shoreline length and size of two sites, SGD fluxes shown in m3/day does not provide adequate information here. Also, please try to add error range of estimated SGD (nutrient flux).

\(2\) Line 116: MB1-6 -\> MB1-7??

\(3\) Please consider switching the order of Figure 1 and 2. Also, please mark the location of vertical profiles of Fig 1 into the Fig. 2. The sampling depth betters to be clearly shown in Fig 1, so that authors can compare the monitoring depth and its geological formation at the same time.

\(4\) Line 168: As explained above, provide more detailed and clear information concerning the previous sampling period. Additionally, please check show that the hydrological condition between two sampling period were similar and the salinity data from TS 1-3 from pervious field campaign showed similar values with current field survey.

\(5\) Table 1. Provide additional statistical information (error bar, mean, p-values) if possible. Additionally, kindly check data for NO3-, NH4+, PO4 and DON for TS-SE-4 and TS-SE-5 (All data are same each other).

\(6\) Line 254: Based on the Fig 7, the difference microbial community between TS-SE3/4 and TS-SE-5 seems to be associated with different geological layer. It would be better if authors can clarify the geological difference in each sampling point in the beginning so that authors can better understand the link between microbial composition and geologic layer.

\(7\) Figure resolution is too low. Some tests in figures are too small (e.g. coordinate information in fig 2). Please enhance the figure resolution and increase the text sizes.

Reviewer \#2: Revision of the manuscript "Microbial community composition across a coastal hydrological system affected by submarine groundwater discharge (SGD)" by Adyasari et al.

The paper of Adyasari et al. explores the spatial dynamics of prokaryotic communities along a coastal hydrological gradient in the Mobile Bay, USA, which is influenced by submarine groundwater discharge (SGD), as well as its links to environmental conditions. To do so, they collect water samples from 20 sites, including fresh groundwater, two vertical profiles of porewater in the intertidal zones, river water and bay water. The bacterial community composition is characterized by sequencing of the 16S rRNA gene, and the physicochemical parameters measured include salinity, temperature, pH, dissolved oxygen and concentration of inorganic nutrients. In addition, they estimate the functional diversity from the taxonomic data using the Tax4Fun2 method.

Their results show pronounced changes in the structure of the prokaryotic assemblages between the different habitats covered, and a high vertical heterogeneity within each piezometer. The environmental variables most strongly related to the observed variations in microbial communities are salinity and nitrate, and they find higher diversity in the intertidal pore waters than in the fresh groundwater and in surface river or seawater. The authors provide a detailed and complete description of the taxonomic groups detected. Based on the functional analysis, the authors suggest that subsurface microbial communities may play a large role in nitrogen cycling, thus affecting the nutrients delivered to the bay. The authors conclude that that their results support previous studies in the area showing that SGD supports productivity.

The research presented here is relevant because it provides information about the spatial variations in microbial communities in subterranean estuaries, largely undersampled for microbial studies in comparison to other surface aquatic habitats. The study is also of relevance since it compares the original groundwater, river water, bay water and pore waters located in a single area, which allows a comprehensive exploration of the microbial diversity in this groundwater-marine interface, which is also one of the least studied ecotones in terms of microbial ecology and biogeography. The study shows how complex and heterogeneous groundwater microbial assemblages are, even at such small spatial scales. Given that groundwater aquifers appear to hide a vast diversity of unknown taxa, any study providing insight on the subsurface microbial inhabitants is of interest. The manuscript is well written, the results are well presented and clearly explained, and the discussion is well contextualized.

In my opinion, however, the study needs to address some issues, and to acknowledge some of its limitations. For example, this type of intertidal systems may be extremely variable, not only depending on tidal fluctuations but also on hydrologic regimes. As this paper presents a single snap-shot of the system (one sampling day), the conclusions must be taken with caution and the existence of large temporal variations in the reported patterns at different scales must be acknowledged and discussed in the Discussion section. In my opinion, the manuscript should also better highlight the lack of studies targeting groundwater estuaries, and should put their results in the context of such previous knowledge; although to my knowledge very few studies have explored the microbiology in these type of systems, there are some that have not been included in the manuscript and thus should be cited (see below). Also, the authors find important proportions of Archaea, and to my knowledge not much is known about archaea in groundwaters. A better contextualization of these results in view of the existing literature would render the manuscript more interesting and novel, as there is truly a lack of studies focusing on these sites that appear to be important hotspots of biogeochemical activity.

Given the large spatial heterogeneity reported in the vertical pore water profiles, I think that it would be interesting to address the drivers of the studied communities including only the subsurface samples, as it is expectable that salinity will be one of the drivers explaining the majority of the variation when river and bay samples are included. However, based on the NMDS and the PCA, it does not seem that salinity is the main driver of the variations across/within the subsurface samples, is it? I suggest that the analysis is performed in parallel including all samples together but also considering only the subsurface ones.

Finally, as the sampling covers a nice groundwater-river-brackish gradient, I think it would be interesting to explore a little bit more whether the authors can find indicator taxa associated to a given habitat, or to which extent the different ground- and porewater samples are comprised of typical marine or typical freshwater taxa (see comments below).

Although I see that this manuscript provides interesting and detailed information of the studied assemblages, I recommend that these and other issues (see below) are addressed for this study to be published in PLOS ONE.

Major comments:

1\. Overall, I see the relevance of the research and the interest of the sampling design, but in my opinion the manuscript would largely benefit from modifying partially the Introduction and the Discussion so that the relevance, novelty or need of conducting the present research is better contextualized and justified. The study of groundwater microbial ecology is gaining increasing attention, and there have been many recent papers on groundwater communities, including some targeting subterranean estuaries (e.g. Héry et al. 2014 FEMS, Chen et al. 2019 STOTEN, Sang et al 2018 Sci Reports). A comparison to such previous studies would highlight the similarities or differences with such previous investigations, thus underlying the specific contributions of this investigation.

2\. As mentioned before, the authors have interesting information that is however not shown in the figures. For example, could they make a figure analogous to Figure 3 and Figure 6 but considering only the subsurface communities? This would help better identify the environmental gradients that drive the pronounced spatial heterogeneity found within and across these communities. Including the river and bay water is interesting to place subsurface communities within the whole hydrologic gradient, but it is well known that salinity drives bacterial communities in the surface fresh-marine transitions\... at the subsurface, this may be less clear and assemblages be strongly influenced by other gradients such as dissolved oxygen, which will be more clearly visualized when only those samples are considered.

3\. Similarly, the fact that the surface seawater and freshwater are also included allows for a deeper exploration of e.g. typical groundwater indicators (indval analysis), or to explore the percentage of \'river\' or \'marine\' taxa that comprise the studied subsurface communities. There is also a recent study (Rocca et al 2020 Ecology) that is relevant in this regard.

Specific comments:

-One of the main conclusions stated in the abstract is not easily derived from the results reported in the abstract: \'Overall, our study supported previous observations in the area highlighting the role of SGD in Mobile Bay\'s productivity\'. This does not seem to be the main conclusion of the paper as nothing has been shown regarding the productivity in the Bay. I suggest that the end of the abstract is rewritten to deliver a more specific message that can be directly derived from the presented results.

-It is not clear why so many different bay water samples were taken. What was the purpose of this? Are they supposed to cover sites of different SGD influence? Based on temperature, for example, it seems that they are quite different in terms of salinity\... something should be said about this in the methods section (to justify the choice of bay sites).

-Line 110: Please indicate how was GW1 collected. Is this groundwater sample supposed to be indicative of the groundwater in the area? Please indicate so.

-Line 127: How where the duplicate samples treated for the different analyses? Where they averaged? Please explain it. The duplicates are not shown in the figures, and I think it would be interesting to visually see whether the individual replicates cluster together in the ordination graphs

-Line 221-223: I find very interesting the large variations in taxonomic richness and diversity found within the TS-SE vertical profile. Something should be said about this. Where these changes in taxonomic diversity explained by any of the measured environmental parameters?

-Line 272: The figures should be explained in the order of appearance, so the authors should either redo the figures or reorganize the text. In my opinion, the general composition at the class level should be explained together with the explanation of Figure 5, focusing on the main differences between river, bay water and groundwater assemblages. Then, the current subsection (line 272) could focus exclusively on the vertical dimension, adding, as suggested above, the composition in terms of order, or family, besides genera. Both things could be later combined in the Discussion, but the results section needs to follow the figure order. Otherwise it is confusing for the reader.

-Table 1. Please check the nutrient values for TS-SE4 and 5, and TS-NE1 and 2, as they are exactly the same.

-Figure 3. As suggested above, I think it would be interesting to look at these patterns considering only the subsurface samples

-Lines 237-246: This figure includes the taxonomic composition but nothing is said about it, only the Bray-Curtis dissimilarity is mentioned. Please describe the compositional patterns shown in the figure. The description of the figures should follow the sequence of appearance.

-Figure 7: if I understand it correctly, the grey area lumps together all the taxa that were not classified at the genus level. However, as this area is so big, wouldn\'t it be possible to assign it to the smaller taxonomic level possible in those cases? e.g. family\.... Alternatively, I think it would be useful to draw the same profile in parallel to this one, grouping taxa at the e.g. order level, in order to differentiate it from Figure 5 but to show more visually the vertical variations in composition (which are not as clearly shown in Figure 5 because sites are clustered based on similarity and not along the vertical profile).

In other words, I suggest that you add a similar graph to the left of figure 7 that shows the whole taxonomic composition at a higher taxonomic rank (something in between the class level shown in Figure 5 and the genus level shown in Figure 7). This will help visualizing more clearly the vertical changes in composition, and then you can go to the identified genera in more detail.

-Figure 7: Here and throughout the text, replace on genus/class level by \'at the genus/class level\'

-Figure 8: The proportion is calculated relative to what? to the total identified KOs? Please specify in the legend.

-Line 272: Microbial community composition at the horizontal and vertical scales?

-Line 272: The figures should be explained in the order of appearance, so the authors should either redo the figures or reorganize the text. In my opinion, the general composition at the class level should be explained together with the explanation of Figure 5, focusing on the main differences between river, bay water and groundwater assemblages. Then, the current subsection (line 272) could focus exclusively on the vertical dimension, adding, as suggested above, the composition in terms of order, or family, besides genera. Both things could be later combined in the Discussion, but the results section needs to follow the figure order. Otherwise it is confusing for the reader.

DISCUSSION: As explained above, in my opinion the manuscript would also benefit from expanding the discussion in order to compare the reported data with what has been done in previous studies targeting comparable systems. Although (at least to my knowledge) there are very few investigations exploring groundwater aquifers in coastal sites, these should be acknowledged and the results should be compared with them, in order to highlight the differences or similarities in the reported patterns (e.g. Héry et al. 2014 FEMS, Chen et al. 2019 STOTEN, Sang et al 2018 Sci Reports).

\- Line 354: Changes in microbial community structure along the freshwater-marine continuum?

-Lines 364-372: This statement could be nicely shown if exploring the contribution to each subsurface community of typical groundwater, river water or marine water taxa. I expect that this would nicely show what are the mixing zones, and which are those sites where totally different communities arise, that do not result from the passive mixing of marine and freshwater taxa. There is accumulating evidence that microbial communities are largely structured by hydrologic connectivity (e.g. Ruiz-González et al 2015 Ecol Lett shows that freshwater bacterial communities are dominated by rare taxa transported from soils, some of which appear to grow in water). Rocca et al (2020 Ecology) is also relevant here (\'Rare microbial taxa emerge when communities collide: freshwater and marine microbiome responses to experimental mixing\'). There are other papers showing that the resuscitation of rare taxa can impact ecosystem processes such as CO2 and methane production (Aanderud et al. 2015 Front. Microbiol, Stegen et al. 2015 Nature Communications), so that the rare taxa that appear in the studied pore water sites may play large roles in coastal biogeochemistry. The manuscript would benefit from an expansion of the discussion on this topic, on the role of hydrologic transport of microbial diversity and the selective growth of some of the transported taxa when encountering new environmental conditions.

-Lines 432-440: To my knowledge, not much is known about Archaea in subsurface ecosystems, and in particular in subterranean estuaries. The authors should highlight what is known or not about the topic, in order to better highlight the specific contributions of the presented research.

-Line 444-445. Please rewrite this sentence to specify more clearly that NO3 is transformed to NH4 during transit through this site, which is then delivered to the Bay

-Line 446, replace \'and it is likely generated\' with \',which are likely generated\'

-Line 450: was related

-Line 458: depending on

REFERENCES CITED HERE

Aanderud, Z.T., Jones, S.E., Fierer, N. & Lennon, J.F. (2015) Resuscitation of the rare biosphere contributes to pulses of ecosystem activity. Frontiers in Microbiology, 6, 24.

Héry, M., Volant, A., Garing, C., Luguot, L., Poulichet, F.E. & Gouze, P. (2014) Diversity and geochemical structuring of bacterial communities along a salinity gradient in a carbonate aquifer subject to seawater intrusion. Fems Microbiology Ecology, 90, 922--934.

Rocca, J.D., Simonin, M., Bernhardt, E.S., Washburne, A.D. & Wright, J.J. (2020) Rare microbial taxa emerge when communities collide: freshwater and marine microbiome responses to experimental mixing. Ecology, 101, e02956.

Ruiz-González, C., Niño-García, J.P. & del Giorgio, P.A. (2015) Terrestrial origin of bacterial communities in complex boreal freshwater networks. Ecology Letters, 18, 1198-1206.

Sang, S., Zhang, X., Dai, H., Hu, B.X., Ou, H. & Sun, L. (2018) Diversity and predictive metabolic pathways of the prokaryotic microbial community along a groundwater salinity gradient of the Pearl River Delta, China Scientific Reports, 8, 17317.

Stegen, J.C., Fredrickson, J.K., Wilkins, M.J., Konopka, A.E., Nelson, W.C., Arntzen, E.V., Chrisler, W.B., Chu, R.K., Danczak, R.E., Fansler, S.J., Kennedy, D.W., Resch, C.T. & Tfaily, M. (2016) Groundwater--surface water mixing shifts ecological assembly processes and stimulates organic carbon turnover. Nature Communications, 7, 11237.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

###### 

Submitted filename: RevisionPLOS ONE.pdf

###### 

Click here for additional data file.

10.1371/journal.pone.0235235.r002

Author response to Decision Letter 0

9 Jun 2020

We thank Reviewer 1 and 2 for their constructive feedbacks. We would also acknowledge that there have been three differences between this revised manuscript with the original submission:

a\. There has been a mistake on DON concentration of pore water in the original submission. We have corrected this mistake in this revised submission.

b\. There has been a mistake on coordinate of TS-NE-3 in the original submission, as this sampling point was a standalone piezometer and not a part of TS-NE vertical profile. We corrected this mistake in this revised submission.

c\. Considering Reviewer 1 concern related to the unavailability of salinity, DO, and temperature data for some pore water samples, and suggestion from Reviewer 2 about separating subsurface microbial samples, we modified our hypothesis testing method from redundancy analysis (RDA) to permutational multivariate analysis of variance (PERMANOVA) applied to surface and subsurface samples separately, instead of applying the test to all samples altogether. Following the suggestion of Reviewer 2, we explored the relationships between environmental parameters separately for subsurface samples, and noticed that the correlation between environmental parameter in surface and subsurface samples was fundamentally different. Therefore, we proceeded with separate analyses for surface and subsurface samples. PERMANOVA was chosen as a more robust alternative to RDA.

Reviewer 1

Reviewer \#1: SGD has been recognized as a major pathway of inland-derived nutrients and chemical flux into ocean. Nitrogen transformation mediated by chemical and microbial reaction along its pathway from inland aquifer to subterranean estuary could serve as a major mechanism controlling the level and form of nutrient discharge into the ocean. This paper aims to investigate microbial composition and distribution along the coastal subsurface/surface water bodies influenced by nutrient-rich SGD. The manuscript presents interesting results (sharp shifts in microbial composition depending on location and environmental factors, different nitrogen transformation mechanisms at different SGD sites, possibly associated with different geology.) which could provide a contribution to the literature. A major limitation to the study is the number of samples analyzed. Authors obtained and analyzed one sample from each site during one sampling period although this study would clearly benefit from expanded sampling to make the conclusions from convincing. Given that analysis error and potential biases from sampling, for example, it is not sure whether the general characteristics of microbial composition, distribution and its function of each site can be reasonably represented.

We thank the reviewer for their constructive comments and we try to answer their concerns in more detailed manners in the points below. To address Reviewer 1 concern about the one-time sampling period, we acknowledge this limitation and have stated in the manuscript that further studies are needed to characterize the microbial community composition and its environmental drivers in higher certainty, for instance by measuring more environmental parameters (line 444-445) or taking samples over longer period of time, i.e. covering different tidal cycle and seasons (line 526-528). This study provides first insight of subsurface microbial activities in Mobile Bay area. Considering that the result of this study points to active nitrogen and methane cycles in the STE, it may serve as a primer to more detailed microbial studies on nitrogen and methane in the future, particularly in view of their contributions to water quality and climate variability in Mobile Bay (i.e. ammonium flux as the main cause of Jubilees and methane as a major contributor of climate change) or northern Gulf of Mexico area with similar lithological settings.

Most of chemical data presented does not include statistical information such as error range, mean, p-values, etc. The PCA analysis result revealed that salinity and nitrate are key environmental factors controlling microbial community. Unfortunately, however, authors did not get salinity data for some key samples (TS-4, 5), and referenced the data from previous studies. Given that the significant effect of salinity on the analysis results, this issues needs to be tested more carefully. First, authors needs to show that the hydrological condition between two sampling period were similar, thus there is limited seasonal (temporal) effect in the salinity profile. Second, the authors has to present the salinity data from TS 1-3 from pervious field campaign and confirm that the shallow porewater (TS1-3) presented low salinity (freshwater) values during both field campaign period.

To address the concern related data availability for salinity, DO, and temperature, we present detailed hydrological data from the previous sampling expeditions in one of the answer point below. However, as the previous expeditions were not conducted as detailed as our sampling (i.e. taking samples in 0.5-1.5 m intervals along the vertical profiles), some assumptions were still made to fulfill the requirement for PCA and envfit analyses. Our basis of filling the empty columns is based on two-year observation from Montiel, Lamore (1), Montiel, Lamore (2). For example, from other TS-NE measurement where more than one sample was collected (July 2016), parameters such as temperature, salinity, and DO were almost uniform throughout the depth; thus, we also used this assumption to fill the empty July 2017 data. Thus, we used this assumption to fill the empty columns in this study. Nevertheless, we do not use these parameters (salinity, temperature, DO) anymore as environmental predictors of community shifts among the subsurface samples in the PERMANOVA, to avoid any bias associated with estimating the missing values.

Manuscript needs moderate revision for its structure. I found it is difficult to follow the manuscript in parts, which are common when many things were summed up in one paper.

We revised the structure of the paper to be more streamlined and easier to follow.

\(1\) Line 97: The SGD and nutrient fluxes better to be represented as m/day (mmol/m2/day) or m3/m/day (mmol/m/day). Considering the different shoreline length and size of two sites, SGD fluxes shown in m3/day does not provide adequate information here. Also, please try to add error range of estimated SGD (nutrient flux).

We changed SGD and nutrient fluxes unit into m d-1 and mmol m-2 d-1, respectively, and displayed these results as range instead of average number. The revised version of this information can be found in line 105-116.

\(2\) Line 116: MB1-6 -\> MB1-7??

We corrected this sentence.

\(3\) Please consider switching the order of Figure 1 and 2. Also, please mark the location of vertical profiles of Fig 1 into the Fig. 2. The sampling depth betters to be clearly shown in Fig 1, so that authors can compare the monitoring depth and its geological formation at the same time.

We removed Figure 2 and incorporated vertical depth and lithological profile of TS-SE and TS-NE into Figure 1. Figure 1 now depicts overview of study site, sampling points, and vertical lithological profile from two SGD sites.

\(4\) Line 168: As explained above, provide more detailed and clear information concerning the previous sampling period. Additionally, please check show that the hydrological condition between two sampling period were similar and the salinity data from TS 1-3 from pervious field campaign showed similar values with current field survey.

We list the result of previous and the latest field campaigns in the table below, which can also be seen in Montiel, Lamore (1), Montiel, Lamore (2). Overall, our expedition in July 2017 covered more detailed sample collection and measurement than the previous campaigns, which did not take vertical profile into account. For example, from other TS-NE measurement where more than one sample was collected (July 2016), parameters such as temperature, salinity, and DO were almost uniform throughout the depth; thus, we also used this assumption to fill the empty July 2017 data. There is only one TS-SE measurement conducted in more than one layer aside of July 2017, i.e. December 2016, where temperature and salinity were similar, but DO concentration decreased with greater depth. We also applied this similar pattern into the empty data on July 2017.

Time/season Sample Temperature (oC) Salinity DO (mg L-1)

June 2016 (dry season) TS-SE-B (only one measurement) 25.6 5.3 0.8

December 2016 (wet season) TS-SE-B1 (upper) 20.8 14.4 1.6

TS-SE-B3 (mid) 20.7 14.5 1

March 2017 (dry season) TS-SE-B (only one measurement) 19.8 7.6 0.6

July 2017 (dry season, this manuscript) TS-SE-B1 29.9 0 0.6

TS-SE-B2 29.4 1.8 - (0.6)

TS-SE-B3 29.4 1.8 - (0.0)

TS-SE-B4 - (29.4) - (1.8) - (0.0)

TS-SE-B5 - (29.4) - (1.8) - (0.0)

April 2016 (dry season) TS-NE-A (only one measurement) 20.6 0.3 2.9

June 2016 (dry season) TS-NE-A1 27.9 0.1 1.3

TS-NE-A2 28.1 0.1 1.4

March 2017 (dry season) TS-NE-A (only one measurement) 20.6 0.1 1

July 2017 (dry, this manuscript) TS-NE-A1 28.4 0.1 0.3

TS-NE-A2 - (28.4) - (0.1) - (0.3)

Note: (-) represents empty data, while the number in brackets represents numbers that we use to fill the empty data

It has to be noted that we only used the estimated values in descriptive data visualizations, i.e. PCA (Figure 1) and envfit (Figure 5). For hypothesis testing, i.e. finding the strongest predictor for community shift in surface and subsurface samples, we did not use parameters with missing (and then estimated) values. Instead, we rely on the correlation between observed measurements of environmental parameters to interpret the results of the hypothesis test and infer the importance of the parameters with missing values. As mentioned before, PERMANOVA was used as a method more robust to violations of the assumptions of the parametric RDA.

\(5\) Table 1. Provide additional statistical information (error bar, mean, p-values) if possible. Additionally, kindly check data for NO3-, NH4+, PO4 and DON for TS-SE-4 and TS-SE-5 (All data are same each other).

We corrected the DON data in Table 1. The values reported in the table are for one sample per row. Therefore no means and error bars are provided. The measurements of the environmental parameters are mainly descriptive and were not designed for hypothesis testing.

\(6\) Line 254: Based on the Fig 7, the difference microbial community between TS-SE3/4 and TS-SE-5 seems to be associated with different geological layer. It would be better if authors can clarify the geological difference in each sampling point in the beginning so that authors can better understand the link between microbial composition and geologic layer.

We explained the lithological condition in the original manuscript (line 99-104) and additionally, we put more information about organic matter content in this revised version. The revised sentence related to lithological condition of both SGD sites can be found in line 108-112 and line 114-116, while its visualization can be found in Figure 1C.

\(7\) Figure resolution is too low. Some tests in figures are too small (e.g. coordinate information in fig 2). Please enhance the figure resolution and increase the text sizes.

We enhanced the figure resolution and increased the text sizes.

Reviewer 2

Reviewer \#2: Revision of the manuscript "Microbial community composition across a coastal hydrological system affected by submarine groundwater discharge (SGD)" by Adyasari et al.

The paper of Adyasari et al. explores the spatial dynamics of prokaryotic communities along a coastal hydrological gradient in the Mobile Bay, USA, which is influenced by submarine groundwater discharge (SGD), as well as its links to environmental conditions. To do so, they collect water samples from 20 sites, including fresh groundwater, two vertical profiles of porewater in the intertidal zones, river water and bay water. The bacterial community composition is characterized by sequencing of the 16S rRNA gene, and the physicochemical parameters measured include salinity, temperature, pH, dissolved oxygen and concentration of inorganic nutrients. In addition, they estimate the functional diversity from the taxonomic data using the Tax4Fun2 method.

Their results show pronounced changes in the structure of the prokaryotic assemblages between the different habitats covered, and a high vertical heterogeneity within each piezometer. The environmental variables most strongly related to the observed variations in microbial communities are salinity and nitrate, and they find higher diversity in the intertidal pore waters than in the fresh groundwater and in surface river or seawater. The authors provide a detailed and complete description of the taxonomic groups detected. Based on the functional analysis, the authors suggest that subsurface microbial communities may play a large role in nitrogen cycling, thus affecting the nutrients delivered to the bay. The authors conclude that that their results support previous studies in the area showing that SGD supports productivity.

The research presented here is relevant because it provides information about the spatial variations in microbial communities in subterranean estuaries, largely undersampled for microbial studies in comparison to other surface aquatic habitats. The study is also of relevance since it compares the original groundwater, river water, bay water and pore waters located in a single area, which allows a comprehensive exploration of the microbial diversity in this groundwater-marine interface, which is also one of the least studied ecotones in terms of microbial ecology and biogeography. The study shows how complex and heterogeneous groundwater microbial assemblages are, even at such small spatial scales. Given that groundwater aquifers appear to hide a vast diversity of unknown taxa, any study providing insight on the subsurface microbial inhabitants is of interest. The manuscript is well written, the results are well presented and clearly explained, and the discussion is well contextualized.

In my opinion, however, the study needs to address some issues, and to acknowledge some of its limitations. For example, this type of intertidal systems may be extremely variable, not only depending on tidal fluctuations but also on hydrologic regimes. As this paper presents a single snap-shot of the system (one sampling day), the conclusions must be taken with caution and the existence of large temporal variations in the reported patterns at different scales must be acknowledged and discussed in the Discussion section.

We thank Reviewer 2 for their constructive comments and we try to answer their concerns in more detailed manners in the points below. We acknowledge the limitation of single sampling and state that further studies are needed to characterize the microbial community composition and its environmental driver in higher certainty by measuring more environmental parameters (line 444-445) or taking samples over a longer period of time, i.e. covering different tidal cycle and seasons (line 526-528). This study provides first insight into subsurface microbial communities, and considering that the result of this study points to active nitrogen and methane cycles in the STE, it may serve as a primer for more detailed microbial studies on nitrogen and methane in the future, particularly in view of their contributions to water quality and climate variability in Mobile Bay (i.e. ammonium flux as the main cause of Jubilees and methane as a major contributor of climate change) or northern Gulf of Mexico area with similar lithological settings.

In my opinion, the manuscript should also better highlight the lack of studies targeting groundwater estuaries, and should put their results in the context of such previous knowledge; although to my knowledge very few studies have explored the microbiology in these type of systems, there are some that have not been included in the manuscript and thus should be cited (see below).

We thank the reviewer for the references given to improve our manuscript. We explained the limited subsurface microbial studies relative to microbial studies conducted in surface water in the original manuscript (line 75-80). We did not discuss microbial communities of groundwater-to-estuaries in this manuscript because the majority of groundwater flows in the study site lead to coastal water instead of estuaries. Nevertheless, we added discussion about the comparison of result between our study and other previous studies in similar settings (line 415-445, line 512-528, line 584-587).

Also, the authors find important proportions of Archaea, and to my knowledge not much is known about archaea in groundwater. A better contextualization of these results in view of the existing literature would render the manuscript more interesting and novel, as there is truly a lack of studies focusing on these sites that appear to be important hotspots of biogeochemical activity.

We added archaea-related information in the abstract (line 29-31), introduction (line 62-65), result (line 386-395), and discussions (line 545-558, line 602-612). Generally, we found that the dominant archaeal taxa found in TS-SE were commonly found in other reducing environment and associated with methane cycle, which was also supported the result of metabolic prediction of methane in our study. We also found archaea in TS-NE, despite low relative proportion in comparison to TS-SE. Nevertheless, the archaeal taxa identified in TS-NE were potentially contributed to ammonia/methane oxidation in this site based on the metabolic prediction.

Given the large spatial heterogeneity reported in the vertical pore water profiles, I think that it would be interesting to address the drivers of the studied communities including only the subsurface samples, as it is expectable that salinity will be one of the drivers explaining the majority of the variation when river and bay samples are included. However, based on the NMDS and the PCA, it does not seem that salinity is the main driver of the variations across/within the subsurface samples, is it? I suggest that the analysis is performed in parallel including all samples together but also considering only the subsurface ones.

We thoroughly revised our approach for the statistical analyses, i.e. separating surface and subsurface samples, as well as better accounting for the missing values in the subsurface samples. In this revision, PCA, NMDS and PERMANOVA were conducted each for surface and subsurface samples. Of the observed parameters in this study, salinity was found as the strongest predictor of surface water community shift, while DON and PO43- were identified as the most determinant variable explaining pattern in subsurface microbial community composition (line 310-321, Table 2). While we did not use salinity, DO, and temperature as variables in PERMANOVA analysis, the selection of DON and PO43- as significant predictors implied a potentially similarly important role of DO and salinity, as any effect attributed to DON and PO43- could also be explained by DO and salinity due to their high correlation (DON and DO: Pearson r = -0.74, PO43- and salinity: Pearson r = 0.98).

Finally, as the sampling covers a nice groundwater-river-brackish gradient, I think it would be interesting to explore a little bit more whether the authors can find indicator taxa associated to a given habitat, or to which extent the different ground- and porewater samples are comprised of typical marine or typical freshwater taxa (see comments below).

We did not perform indicator taxa analysis (indval) as our sampling design was not suitable for such an analysis. Nevertheless, we conducted analysis on taxa with the highest proportion and best fitted to environmental parameter with function ordiselect from 'goeveg' R package in the original submission (line 281-331 in the original submission discusses the majority of taxa resulted from this analysis). Cyanobium PCC-6307 and unclassified Thermodesulfovibrionia were identified as dominant taxa strongly associated with trends in environmental parameters in surface and subsurface samples, respectively. The other taxa resulted from ordiselect analysis are displayed in Figure 5 relative to sampling location and environmental parameters.

Although I see that this manuscript provides interesting and detailed information of the studied assemblages, I recommend that these and other issues (see below) are addressed for this study to be published in PLOS ONE.

We thank the reviewer for their constructive comments and appreciate the references given by the reviewer. We try to answer in details their concerns in the points below.

Major comments:

1\. Overall, I see the relevance of the research and the interest of the sampling design, but in my opinion the manuscript would largely benefit from modifying partially the Introduction and the Discussion so that the relevance, novelty or need of conducting the present research is better contextualized and justified. The study of groundwater microbial ecology is gaining increasing attention, and there have been many recent papers on groundwater communities, including some targeting subterranean estuaries (e.g. Héry et al. 2014 FEMS, Chen et al. 2019 STOTEN, Sang et al 2018 Sci Reports). A comparison to such previous studies would highlight the similarities or differences with such previous investigations, thus underlying the specific contributions of this investigation.

We explained the research gaps related to the limited subsurface microbial studies in comparison to surface water studies in the original manuscript (line 75-77). In this revised manuscript, we added further information in Introduction and Discussion based on some references suggested by Reviewer 2. We discussed and compared our result related to significant predictor of community shift with other similar studies (line 415-445). We discussed the potential of community coalescence in fresh-,marine water as discussed by Rocca, Simonin (3) (line 512-528). We also added a discussion about low proportion taxa potentially driving the dominant elemental cycle in STE, as also discussed by Héry, Volant (4) (line 602-612).

2\. As mentioned before, the authors have interesting information that is however not shown in the figures. For example, could they make a figure analogous to Figure 3 and Figure 6 but considering only the subsurface communities? This would help better identify the environmental gradients that drive the pronounced spatial heterogeneity found within and across these communities. Including the river and bay water is interesting to place subsurface communities within the whole hydrologic gradient, but it is well known that salinity drives bacterial communities in the surface fresh-marine transitions\... at the subsurface, this may be less clear and assemblages be strongly influenced by other gradients such as dissolved oxygen, which will be more clearly visualized when only those samples are considered.

We revised some of the statistical analyses in this manuscript, i.e. separating surface and subsurface samples to accommodate the missing values in the subsurface samples. In this revision, PCA, NMDS and PERMANOVA were conducted each for surface and subsurface samples. PERMANOVA result indicates that out of observed parameters in this study, salinity was found as the strongest predictor of surface water community shift, while DON and PO43- were identified as the most determinant variable explaining pattern in subsurface microbial community composition (line 310-321, Table 2). Nevertheless, DON and PO43- only contributed 25% to total explainable variance, indicating there are other variables that are stronger predictors than our measured parameters. This could be the concentration of various electron acceptors (e.g. SO42- or CH4, as we identified many SRBs and methanogens in TS-SE), ion concentration, or tidal fluctuation. This explanation can be found in line 415-445.

3\. Similarly, the fact that the surface seawater and freshwater are also included allows for a deeper exploration of e.g. typical groundwater indicators (indval analysis), or to explore the percentage of \'river\' or \'marine\' taxa that comprise the studied subsurface communities. There is also a recent study (Rocca et al 2020 Ecology) that is relevant in this regard.

We did not perform indval analysis as our sampling design was not suitable to reliably predict indicator OTUs. Instead we identified dominant taxa which were best fitted to the environmental parameters using ordiselect function, which shows that Cyanobium PCC-6307 and unclassified Thermodesulfovibrionia were identified as the "representative" OTUs for surface and subsurface samples, respectively. We describe the patterns in the contribution of these taxa to the microbial community composition in the different sample groups in line 339-343 and line 362-366.

In general, we did not observe any significant occurrence of community coalescence between freshwater and marine bacteria in samples, unlike the study done by Rocca, Simonin (3). For example, freshwater taxa were found in both groundwater and river, but not in Mobile Bay water column which was dominated by marine bacteria, at least not in distinguishable proportion. The only exception was the occurrence of marine taxa in samples from river and the top layer of pore water, which were most likely brought to estuaries and upper STE by the previous high tide. The prevalence of marine taxa in freshwater, but not the opposite, is attributable to the fact that marine taxa have a higher resistance to salinity changes in comparison to freshwater taxa (5). This discussion can be found in line 512-528.

Specific comments:

\- One of the main conclusions stated in the abstract is not easily derived from the results reported in the abstract: \'Overall, our study supported previous observations in the area highlighting the role of SGD in Mobile Bay\'s productivity\'. This does not seem to be the main conclusion of the paper as nothing has been shown regarding the productivity in the Bay. I suggest that the end of the abstract is rewritten to deliver a more specific message that can be directly derived from the presented results.

We corrected the abstract and conclusion related to this point.

\- It is not clear why so many different bay water samples were taken. What was the purpose of this? Are they supposed to cover sites of different SGD influence? Based on temperature, for example, it seems that they are quite different in terms of salinity\... something should be said about this in the methods section (to justify the choice of bay sites).

Samples from Mobile Bay water column were collected from different part of the bay to cover different salinity and potential influence of river to microbial community composition at the bay: samples MB1-4 were collected in the southern part of Mobile Bay where the influence of river was almost negligible, while MB6-7 were taken close to estuaries in the northern part of the bay. This added explanation can be found in line 140-143.

\- Line 110: Please indicate how GW1 was collected. Is this groundwater sample supposed to be indicative of the groundwater in the area? Please indicate so.

The water sample for GW-1 was collected after pumping the well with a submersible pump at a constant rate until conductivity, temperature, and DO values were stable. We chose this sampling point is representative of the terrestrial groundwater based on result from Montiel, Lamore (2). This added explanation on sample collection from can be found in line 143-145.

\- Line 127: How where the duplicate samples treated for the different analyses? Where they averaged? Please explain it. The duplicates are not shown in the figures, and I think it would be interesting to visually see whether the individual replicates cluster together in the ordination graphs.

This is our mistake as we took duplicate samples; however, only one set of sample was sequenced for 16S rRNA. We deleted the "duplicate" in the manuscript.

\- Line 221-223: I find very interesting the large variations in taxonomic richness and diversity found within the TS-SE vertical profile. Something should be said about this. Where these changes in taxonomic diversity explained by any of the measured environmental parameters?

The result of alpha diversity of TS-SE vertical profile is shown in line 263-268 (Result) and line 448-455 (Discussion). Generally, the highest Shannon and inverse Simpson indices across all samples was found in TS-SE-B2 and TS-SE-B3, which could be attributable to diverse mixture of fresh water and marine microbes, as well as aerobic, facultative anaerobic, anaerobic bacteria and archaea in the reduced layer of TS-SE, thus increasing microbial alpha diversity in this site. A Spearman correlation analysis between Shannon and inverse Simpson indices with observed environmental parameters resulted in DON and PO43- as variables with the highest correlation with the diversity indices (line 269-272 (result) and S1 Table). This finding was similar with the result from PERMANOVA analysis which indicated DON and PO43- as the main predictors for subsurface microbial community shift.

\- Line 272: The figures should be explained in the order of appearance, so the authors should either redo the figures or reorganize the text. In my opinion, the general composition at the class level should be explained together with the explanation of Figure 5, focusing on the main differences between river, bay water and groundwater assemblages. Then, the current subsection (line 272) could focus exclusively on the vertical dimension, adding, as suggested above, the composition in terms of order, or family, besides genera. Both things could be later combined in the Discussion, but the results section needs to follow the figure order. Otherwise it is confusing for the reader.

We re-organized the text and figures in the manuscript to be more streamlined and easier to follow. In this revised version, we chose to explain the result of the microbial diversity and statistical result first (line 243-321, Figure 2-5), then proceed to the description of microbial community composition in class and genus level (line 329-395), which we put together their bar plots in Figure 6.

\- Table 1. Please check the nutrient values for TS-SE4 and 5, and TS-NE1 and 2, as they are exactly the same.

We corrected the mistype in Table 1.

\- Figure 3. As suggested above, I think it would be interesting to look at these patterns considering only the subsurface samples

We modified PCA plot to show both surface and subsurface environmental parameters (now Figure 2).

\- Lines 237-246: This figure includes the taxonomic composition but nothing is said about it, only the Bray-Curtis dissimilarity is mentioned. Please describe the compositional patterns shown in the figure. The description of the figures should follow the sequence of appearance.

We explained the Bray-Curtis dissimilarity in the original manuscript (line 237-246), now in line 279-289.

\- Figure 7: if I understand it correctly, the grey area lumps together all the taxa that were not classified at the genus level. However, as this area is so big, wouldn\'t it be possible to assign it to the smaller taxonomic level possible in those cases? e.g. family\.... Alternatively, I think it would be useful to draw the same profile in parallel to this one, grouping taxa at the e.g. order level, in order to differentiate it from Figure 5 but to show more visually the vertical variations in composition (which are not as clearly shown in Figure 5 because sites are clustered based on similarity and not along the vertical profile). In other words, I suggest that you add a similar graph to the left of figure 7 that shows the whole taxonomic composition at a higher taxonomic rank (something in between the class level shown in Figure 5 and the genus level shown in Figure 7). This will help visualizing more clearly the vertical changes in composition, and then you can go to the identified genera in more detail.

To avoid redundancy of information, we decided to present the data only at class and genus level to provide a more general and a detailed overview of the microbial community composition, respectively. To avoid an unnecessary complexity of the figures, we only show the most dominant taxa, which are also relevant for the discussion. After careful consideration, we decided that the added value of showing more taxonomic levels would be minimal and would rather result in a loss of focus and conciseness of the manuscript. Additionally, the full OTU table and associated taxonomic classification are available as part of the public archived data on Pangaea (<https://doi.pangaea.de/10.1594/PANGAEA.912763>). We hope you understand our rationale for not changing the taxonomic resolution of the figures.

\- Figure 7: Here and throughout the text, replace on genus/class level by \'at the genus/class level\'

We replaced "on genus/class level" by "at the genus/class level" throughout the text and caption.

\- Figure 8: The proportion is calculated relative to what? to the total identified KOs? Please specify in the legend.

We specified "Proportion of total identified KOs" in the legend.

\- Line 272: Microbial community composition at the horizontal and vertical scales?

We revised this chapter sub-title into "Microbial community composition at the horizontal and vertical scales".

\- Line 272: The figures should be explained in the order of appearance, so the authors should either redo the figures or reorganize the text. In my opinion, the general composition at the class level should be explained together with the explanation of Figure 5, focusing on the main differences between river, bay water and groundwater assemblages. Then, the current subsection (line 272) could focus exclusively on the vertical dimension, adding, as suggested above, the composition in terms of order, or family, besides genera. Both things could be later combined in the Discussion, but the results section needs to follow the figure order. Otherwise it is confusing for the reader.

We re-organized the text and figures in the manuscript to be more streamlined and easier to follow. However, as explained previously we refrain from including a description at more taxonomic levels to avoid redundancy.

\- DISCUSSION: As explained above, in my opinion the manuscript would also benefit from expanding the discussion in order to compare the reported data with what has been done in previous studies targeting comparable systems. Although (at least to my knowledge) there are very few investigations exploring groundwater aquifers in coastal sites, these should be acknowledged and the results should be compared with them, in order to highlight the differences or similarities in the reported patterns (e.g. Héry et al. 2014 FEMS, Chen et al. 2019 STOTEN, Sang et al 2018 Sci Reports).

We added more information in the Discussion, particularly the comparison of our result with other similar studies (line 415-445, line 512-528, line 584-587).

Line 354: Changes in microbial community structure along the freshwater-marine continuum?

We revised the chapter sub-title into "Changes in microbial community composition along the freshwater-marine water continuum".

\- Lines 364-372: This statement could be nicely shown if exploring the contribution to each subsurface community of typical groundwater, river water or marine water taxa. I expect that this would nicely show what are the mixing zones, and which are those sites where totally different communities arise, that do not result from the passive mixing of marine and freshwater taxa. There is accumulating evidence that microbial communities are largely structured by hydrologic connectivity (e.g. Ruiz-González et al 2015 Ecol Lett shows that freshwater bacterial communities are dominated by rare taxa transported from soils, some of which appear to grow in water). Rocca et al (2020 Ecology) is also relevant here (\'Rare microbial taxa emerge when communities collide: freshwater and marine microbiome responses to experimental mixing\'). There are other papers showing that the resuscitation of rare taxa can impact ecosystem processes such as CO2 and methane production (Aanderud et al. 2015 Front. Microbiol, Stegen et al. 2015 Nature Communications), so that the rare taxa that appear in the studied pore water sites may play large roles in coastal biogeochemistry. The manuscript would benefit from an expansion of the discussion on this topic, on the role of hydrologic transport of microbial diversity and the selective growth of some of the transported taxa when encountering new environmental conditions.

We did not sequence our samples deep enough to reliably assess rare taxa as the purpose of this study was assessing the dominant taxa; thus, our current data is insufficient to generate detailed discussion on rare taxa as shown by Ruiz‐González, Niño‐García (6) and Stegen, Fredrickson (7). Nevertheless, we found that TS-SE-B1 exhibited simultaneously high richness and low inverse Simpson index, which was indicative of highly uneven community and high proportion of rare taxa. Therefore, this finding could be used as starting point for further studies exploring rare taxa and their role in biogeochemical processes in peat layer of Mobile Bay. Furthermore, as suggested by Reviewer 2 via recommendation of paper from Rocca, Simonin (3), we added more discussion on the potential of community coalescence between freshwater and marine taxa, where we found a pattern where marine taxa were commonly found in freshwater sites, but not vice versa, due to their high tolerance of salinity range (line 512-528).

\- Lines 432-440: To my knowledge, not much is known about Archaea in subsurface ecosystems, and in particular in subterranean estuaries. The authors should highlight what is known or not about the topic, in order to better highlight the specific contributions of the presented research.

As previously mentioned, we added archaea-related information in the abstract (line 29-31), introduction (line 62-65), result (line 386-395), and discussions (line 545-558, line 602-612). Generally, we found that the dominant archaeal taxa found in TS-SE were commonly found in other reducing environment and associated with methane cycle, which was also supported the result of metabolic prediction of methane in our study. We also found archaea in TS-NE, despite low relative proportion in comparison to TS-SE. Nevertheless, the archaeal taxa identified in TS-NE were potentially contributed to ammonia/methane oxidation in this site based on the metabolic prediction.

\- Line 444-445. Please rewrite this sentence to specify more clearly that NO3 is transformed to NH4 during transit through this site, which is then delivered to the Bay

We revised the sentence into "At the TS-SE site, NO3\--rich groundwater percolates through an organic-rich/peat sediment layer and is transformed into NH4+ before discharging to Mobile Bay" (line 563-564).

\- Line 446, replace \'and it is likely generated\' with \', which are likely generated\'

We replaced "and it is likely generated" with "which are likely generated".

\- Line 450: was related

We revised this sentence.

\- Line 458: depending on

We revised this sentence.
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